Abstract-We present results for the successful fabrication of low-loss THz metallic waveguide components using direct machining with a CNC end mill. The approach uses a split-block machining process with the addition of an RF choke running parallel to the waveguide. The choke greatly reduces coupling to the parasitic mode of the parallel-plate waveguide produced by the split-block. This method has demonstrated loss as low as 0.2 dB/cm at 280 GHz for a copper WR-3 waveguide. It has also been used in the fabrication of 3 and 10 dB directional couplers in brass, demonstrating excellent agreement with design simulations from 240-260 GHz. The method may be adapted to structures with features on the order of 200 m.
I. INTRODUCTION
T HE use of waveguide components in the THz band for communications, astrophysics and vacuum electronics has increased the demand of machining techniques for waveguide fabrication [1] - [7] . Traditional machining which requires drawing components, diffusion bonding, brazing, etc. is costly, complex and often not scalable to higher frequencies. Methods using lithographic processes with photoresist and silicon etching have demonstrated performance in the THz band [8] - [12] , but components produced using these techniques demonstrate high loss and are difficult to interface with standard waveguide components. With attenuation of 0.1 dB/ , the best reported results in the WR-3 band have shown dramatic improvement, but remain significantly higher than traditional rectangular waveguide [11] . Table I shows a comparison of measured waveguide and directional-coupler loss in the WR-3 band for various fabrication techniques [13] - [15] . The split-block choke fabrication technique described in this letter has the advantage relative to other methods of allowing fabrication by direct machining without relying on more complex and costly fabrication processes such as diffusion bonding or gold-plating. The split-block technique allows post-fabrication network analysis, with the possibility of applying machining corrections to improve performance. The technique may also be extended to higher frequency since the aspect ratio of the waveguide channel remains unchanged.
As the frequency of operation moves into the THz regime, losses in waveguide components increase due to surface resistivity and fabrication errors. The increase in surface resistance with frequency requires the use of highly conductive metals for the inner surface of waveguide components. With many fabrication techniques this requires a final coating of the component with a highly conductive metal. This can lead to increased surface roughness or dimensional errors which can cause changes in the frequency response, often increasing the operational frequency. The increase in frequency also causes fabrication errors to become significant fractions of the wavelength. Gaps and mismatches are especially susceptible to the increase in frequency. Direct machining of highly conductive metals removes any need for plating the fabricated component.
II. DESIGN/ANALYSIS
In the traditional approach to split-block fabrication of rectangular waveguide a symmetric feature is fabricated onto two separate pieces which are joined [16] - [20] as seen in Fig. 1(a) . Split-block fabrication is easily integrated into the design of passive components as well as active ones. Ideally, this technique prevents coupling from the mode to the fundamental mode of a parallel-plate waveguide. The mode would be excited by the component of the rectangular waveguide, where is the direction of propagation of the wave. However, is at a null in the center of the waveguide [21] and it is asymmetric about the null which limits its coupling to the symmetric mode. This technique requires very tight tolerances because, if the placement of the cut is asymmetric, the mode can be excited resulting in drastically increased losses, as seen in Fig. 2(a) for a 25 m gap displaced from the center line by 76 m. HFSS simulations for ideal copper rectangular waveguide with no gaps or fabrication errors are also shown in Fig. 2(a) . Fig. 2(b) shows simulated transmission 1531-1309 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. for straight waveguide: theory (black); fabricated using coin silver and commercial methods (dashed blue); fabricated using copper and split-block choke method, theory (dot-dash green) and measured (dotted red).
values for a gap without a choke (as shown in Fig. 1(a) ) displaced from the center line by various distances, where is the attenuation coefficient in Np/m [21] and L is the length of the waveguide. If the gap is displaced by as little as increases to over 2 dB/cm. In order to prevent the excitation of the mode, we propose the addition of two quarter wave steps to create an impedance mismatch and a choke in the transverse direction for the entire length of the component, as shown in Fig. 1(b) . The addition of a choke to the split-block machining process reduces the accuracy which is required for a symmetric placement of the fabrication plane. This increases the transmission, as seen by the red line in Fig. 2(a) . This simulation is for WR-3 waveguide with mm and mm.
III. FABRICATION/MEASUREMENTS
Initial testing of the split-block choke fabrication technique was performed using sections of straight waveguide (2.54 cm, 5.08 cm, and 10.16 cm in length) machined in copper. The waveguide dimensions were specified for direct machining as mm by mm. The fabricated waveguide dimensions were measured and they were accurate within the specifications. Tests were performed using a vector network analyzer (Agilent E8363B) calibrated to perform measurements. As a first test, we measured the loss for commercially available WR-3 waveguide (Aerowave, Inc.), which has a stated loss in the catalog of about 0.2 dB/cm, in good agreement with our measurements shown in Fig. 3 . The theoretical and measured loss per centimeter for the split-block choke copper waveguide are also shown in Fig. 3 . The theoretical curve includes a 75 m offset for the split-block choke with a modulated 50 m gap spacing. This modulation is detrimental to the bandwidth of the choke, as shown in Fig. 3 , and should be avoided by polishing the reference surface of the split-block choke. This waveguide shows very good performance in the central region of the band where the dimensions of the choke are exactly . This measurement demonstrates that waveguide can be direct machined in copper to very high quality. One 3 dB and two 10 dB four-port directional couplers were designed and fabricated in order to test the precision of direct machining due to the small coupling slots required in these components. Brass was used for the directional couplers, because it is easier to machine than copper. The coupler design targeted the 240-260 GHz band, as these couplers are intended to be used with a 250 GHz gyrotron amplifier experiment [22] . The 3 dB coupler was designed with the aim of providing equal output power for ports 2 and 3 with 20 dB isolation for port 4. A four-slot design was selected where the gap between the two waveguide channels is 310 m and the slot width is 200 m with a spacing of 310 m. Measurements made with the vector network analyzer described above are shown in Fig. 4(a) and have excellent agreement with HFSS simulations that include ohmic losses and the RF chokes. The flanges for ports 1 and 2/3 are separated by 5.08 cm resulting in an average insertion loss of 1.4 dB for the directional couplers. This is consistent with an value for brass of 0.22 dB/cm at 250 GHz. The 2 slot 10 dB coupler has two waveguide channels separated by 310 m, a slot width of 200 m, and a slot spacing of 310 m. In this coupler, the through port is port 2 and the 10 dB coupler port is port 3, which is the conventional arrangement. The 1 slot 10 dB coupler has a channel separation of 200 m and a slot width of 1470 m. In this coupler, the through port is port 3 and the 10 dB coupler port is port 2. Port 4 is the load port in both cases. Fig. 4 shows very good agreement between theory and experiment for all three directional couplers. Fig. 5 shows photographs for the 3 dB split-block directional coupler.
IV. CONCLUSION
We have presented a new approach to waveguide component fabrication that uses direct machining with a CNC end mill. This process is simpler and less costly than other methods and is easily scalable to higher frequencies. Using a split-block design with a RF choke, fabrication tolerances can be relatively large ( m) while still maintaining low losses. There are bandwidth limitations for this choke, as it is most effective when the dimension is . However, if the device has fabrication errors, the choke can improve performance across the entire band, as shown in Fig. 2(a) . We have verified this through the fabrication and testing of 3 directional couplers; the measured S-parameters of these couplers all agree well with their design simulations in the 240-260 GHz range. This technique is applicable to the fabrication of other waveguide components, including its successful implementation in a wraparound mode converter [22] .
